Osteoclasts are multinucleated bone-resorbing cells responsible for constant remodeling of bone tissue and for maintaining calcium homeostasis. The osteoclast creates an enclosed space, a lacuna, between their ruffled border membrane and the mineralized bone. They extrude H ؉ and Cl ؊ into these lacunae by the combined action of vesicular H ؉ -ATPases and ClC-7 exchangers to dissolve the hydroxyapatite of bone matrix. Along with intracellular production of H ؉ and HCO3 ؊ by carbonic anhydrase II, the H ؉ -ATPases and ClC-7 exchangers seems prerequisite for bone resorption, because genetic disruption of either of these proteins leads to osteopetrosis. We aimed to complete the molecular model for lacunar acidification, hypothesizing that a HCO3 ؊ extruding and Cl ؊ loading anion exchange protein (Ae) would be necessary to sustain bone resorption. The Ae proteins can provide both intracellular pH neutrality and serve as cellular entry mechanism for Cl ؊ during bone resorption. Immunohistochemistry revealed that Ae2 is exclusively expressed at the contra-lacunar plasma membrane domain of mouse osteoclast. Severe osteopetrosis was encountered in Ae2 knockout (Ae2؊/؊) mice where the skeletal development was impaired with a higher diffuse radio-density on x-ray examination and the bone marrow cavity was occupied by irregular bone speculae. Furthermore, osteoclasts in Ae2؊/؊ mice were dramatically enlarged and fail to form the normal ruffled border facing the lacunae. Thus, Ae2 is likely to be an essential component of the bone resorption mechanism in osteoclasts.
Osteoclasts are multinucleated bone-resorbing cells responsible for constant remodeling of bone tissue and for maintaining calcium homeostasis. The osteoclast creates an enclosed space, a lacuna, between their ruffled border membrane and the mineralized bone. They extrude H ؉ and Cl ؊ into these lacunae by the combined action of vesicular H ؉ -ATPases and ClC-7 exchangers to dissolve the hydroxyapatite of bone matrix. Along with intracellular production of H ؉ and HCO3 ؊ by carbonic anhydrase II, the H ؉ -ATPases and ClC-7 exchangers seems prerequisite for bone resorption, because genetic disruption of either of these proteins leads to osteopetrosis. We aimed to complete the molecular model for lacunar acidification, hypothesizing that a HCO3 ؊ extruding and Cl ؊ loading anion exchange protein (Ae) would be necessary to sustain bone resorption. The Ae proteins can provide both intracellular pH neutrality and serve as cellular entry mechanism for Cl ؊ during bone resorption. Immunohistochemistry revealed that Ae2 is exclusively expressed at the contra-lacunar plasma membrane domain of mouse osteoclast. Severe osteopetrosis was encountered in Ae2 knockout (Ae2؊/؊) mice where the skeletal development was impaired with a higher diffuse radio-density on x-ray examination and the bone marrow cavity was occupied by irregular bone speculae. Furthermore, osteoclasts in Ae2؊/؊ mice were dramatically enlarged and fail to form the normal ruffled border facing the lacunae. Thus, Ae2 is likely to be an essential component of the bone resorption mechanism in osteoclasts.
anion exchanger ͉ bone resorption ͉ osteoclast H uman osteopetrosis has almost exclusively been associated with defects in acidification of the microenvironment of the resorptive lacunae (1), rather than a lack of proteolytic enzymes or transcytotic processes. The H ϩ -ATPase (2, 3) and ClC-7 (4) are established as directly responsible for translocating H ϩ and Cl Ϫ across the ruffled border to establish low pH (4.5-4.8 units) of the lacuna (5). Likewise, carbonic anhydrase isoenzyme II (CAII) has been shown to be necessary for intracellular generation of protons, H ϩ (6). However, the mechanisms involved in contra-lacunar import of Cl Ϫ to and extrusion of excess HCO 3 Ϫ from the osteoclast, which would be required for sustained resorptive function (7), remain elusive. Ae proteins of the Slc4A gene family are Cl Ϫ /HCO 3 Ϫ exchangers and play a major role in the regulation of intracellular pH (pH i ), cell volume, migration, and to some degree, transepithelial ion movement in various tissues (8) . Deficiencies of the expression of Ae proteins lead to very distinct phenotypes. Human SLC4A1 (AE1) mutations cause either the erythroid disorders ''spherocytic hemolytic anemia'' or ''ovalocytosis'', or distal renal tubular acidosis (9) . Human SLC4A3 (AE3) polymorphisms have been associated with seizures (10) . In contrast to AE1 and AE3, hereditary human diseases related to the AE2 gene have not been reported. Human AE2 mutations might be lethal because of the wide tissue expression pattern of the AE2, and because a severe phenotype was described for Slc4a2/Ae2 knockout mice that included growth retardation and death by the age of weaning (11) . Ae2 is expressed in the choroid plexus, gastric parietal cells, throughout the GI tract, and in the respiratory and genital tracts (8) . It is also expressed throughout the kidney tubule, most abundantly in the medullary thick ascending limb and the inner medullary collecting duct (12) . Moreover, Ae2 mRNA has been found in osteoclasts (8) , suggesting that Ae2 could play a role in Cl Ϫ /HCO 3 Ϫ exchange by this tissue. In the present study, we aimed to complete the molecular model for lacunar acidification of ostecolast, hypothesizing that a HCO 3 Ϫ extruding and Cl Ϫ loading anion exchange protein would be necessary to sustain bone resorption by osteoclasts. The results revealed that Ae2 is selectively localized at the contra-lacunar plasma membrane of osteoclasts, and it plays a critical role in bone resorption, because Ae2 total knockout (Ae2Ϫ/Ϫ) mice demonstrated severe osteopetrosis associated with remarkable morphological changes of osteoclasts (e.g., enlarged osteoclasts with unfolded ruffled border membrane).
Results

Ae2 Immunolabeling Was Selectively Localized to Contra-Lacunar Cell
Membrane of Bone-Resorbing Osteoclasts. Mouse osteoclasts displayed distinct Ae2 immunoreactivity corresponding to the contra-lacunar plasma membrane domain (Fig. 1A) , whereas Ae2Ϫ/Ϫ mice did not label at this site by immunofluorescence confocal microscopy (Fig. 1B) . Ae2 immunoreactivity was also found in rat osteoclasts ( Fig. 1 C and D, respectively) . In both species, it is apparent that the Ae2 reaction in the osteoclasts is very distinct along the contra-lacunar cell border, whereas it is lacking in the membrane corresponding to the ruffled border. Thus, Ae2 is likely to play a role as the contra-lacunar mechanism for Cl Ϫ entry and HCO 3 Ϫ extrusion.
Ae2؊/؊ Mice Exhibited an Abnormal Bone Phenotype of Osteopetrosis. Our findings show that the bone phenotype of these mutants is characterized by osteopetrosis, as evidenced by x-rays of the wild-type and Ae2Ϫ/Ϫ mouse heads ( Fig. 2 A and B) . There was an apparent difference in size of the heads and the overall skeletal development is impaired in the Ae2Ϫ/Ϫ mice with a higher diffuse radio-density than in the wild-type mice (n ϭ 4). It is particularly evident that the lower jaw was hypoplastic in the knockout mice, and the degree of development of upper and lower incisors was apparently also impaired. In contrast, the molar teeth had a radio-density comparable to that of the wild-type. The altered bone formation and remodeling in Ae2Ϫ/Ϫ mice was also observed in Goldner's trichrome stained paraffin sections of the animals ( Fig. 2 C and D) . The bone marrow cavity was occupied by irregular bone speculae in the Ae2Ϫ/Ϫ mice, and larger cells could be discerned along the speculae. Also, the endochondral ossification zone was widened in Ae2Ϫ/Ϫ mice.
Osteoclasts in AE2؊/؊ Mice Were Enlarged and Their Ruffled Border
Membranes Were Not Folded. In humans, osteoclasts lacking either carbonic anhydrase II (6) or H ϩ -ATPase (13) also fail to resorb bone, but the osteoclasts look morphologically normal. This is in contrast to the present findings in Ae2Ϫ/Ϫ mice. In 1-m-thick toluidine blue-stained sections of epon embedded bone, the irregular bone formation of Ae2Ϫ/Ϫ mice ( Fig. 3B ) was closely associated with accumulation of large, almost ballooned, multinuclear cells compared with osteoclasts of control mice ( Fig. 3 C and D) . In the Ae2Ϫ/Ϫ mice, the cells were very large, and both the cytoplasm and nucleoplasm appear swollen. At the light microscopical level, it is not possible to identify a distinct ruffled border in Ae2Ϫ/Ϫ mice, whereas the location of such borders appears very distinct in the wild-type osteoclasts. The zone around the ruffled border was further studied by electron microscopy. The normal ruffled border showed a highly irregularly folded cell membrane intimately facing collagen fibers of the bone surface as shown in Fig. 3E . Such infolding were not seen in the Ae2Ϫ/Ϫ mice, and instead, the interface between the cell membrane of the multinuclear cells was a rather smooth (Fig. 3F) . 
Discussion
Osteoclasts are multinucleated bone-resorbing cells responsible for constant bone remodeling. A prerequisite for bone resorption is the ability of osteoclasts to create a closed space between their ruffled border membrane and bone surface. Regulation of pH in the space (i.e., a lacuna) is actively maintained at very low levels, enabling the dissolution of calcium salts from the organic bone matrix. Vacuolar H ϩ -ATPase and H ϩ /Cl Ϫ exchanger (ClC-7) localized at the ruffled border membrane of the osteoclasts are known to play a crucial role in establishing low pH of the lacunae (2-4) . In contrast, little is known about bicarbonate transport mechanisms in osteoclasts, which also would be important for bone resorption. Intracellular H ϩ and HCO 3 Ϫ is formed from H 2 O and CO 2 catalyzed by carbonic anhydrase II (CA II). H ϩ is transported across the ruffled border into the lacunae by a V-ATPase. HCO 3 Ϫ may be transported to the contra-lacunar extracellular space by a transporter of unknown molecular identity and possibly coexpress with the carbonic anhydrase XIV, which is located at the contra-lacunar membrane domain of the osteoclasts (14) .
In the present study, we demonstrated that the anion exchanger Ae2 is localized at the contra-lacunar membrane of bone-resorbing osteoclasts. This indicates that Ae2 is likely to play a role as the contra-lacunar mechanism for Cl Ϫ entry and HCO 3 Ϫ extrusion. The altered function of bone-resorbing osteoclasts in Ae2Ϫ/Ϫ knockout mice was directly confirmed by the observed severe osteopetrosis, where the skeletal development was impaired with a higher diffuse radio-density on x-ray examination and the bone marrow cavity was occupied by irregular bone speculae. Moreover, Ae2Ϫ/Ϫ mice exhibited enlarged osteoclasts in size with unfolded ruffled border membranes, in contrast to the normal morphology of these cells in mice lacking either carbonic anhydrase II (6) or H ϩ -ATPase (15). Kornak et al. (4) found that the osteoclasts in ClC-7Ϫ/Ϫ knockouts only showed rudimentary ruffled border membranes, but no changes in cell volume were reported. The size increase of osteoclasts from Ae2Ϫ/Ϫ mice was paralleled by a greater number of nuclei in these cells, perhaps suggesting an enlarged nuclear proliferation-cell division ratio. Gawenis et al. (11) developed a mouse model carrying a targeted disruption of the Slc4a2 gene to demonstrate the role of Ae2 in gastric acid secretion. Between 10 and 15 days of age, Ae2Ϫ/Ϫ mice exhibited severe growth retardation, became mildly ataxic, and showed a failure of tooth eruption and defective development of bone. Ae2 exists in three forms because of alternative promoter use, yielding the gene products Ae2a, Ae2b, and Ae2c. Ae2c disruption may be imperative for development of severe calvarial osteopetrosis based on our observations of the total Ae2Ϫ/Ϫ mouse in this and previous studies. An Ae2a/Ae2b specific knockout mouse model revealed much milder phenotype, in which macroscopic skeletal abnormalities (16) and tooth eruption (17) was much less affected*.
Thus, the molecular mechanisms involved in bone resorption by the osteoclasts mirror tissues in which an anion exchanger match active H ϩ extrusion, for example, the parietal cells and renal intercalated cells. Little is known about molecular mechanisms of bicarbonate transport in osteoclasts. It is of interest to study whether other types of HCO 3 Ϫ transporters are also expressed in osteoclasts in addition to the Ae2 observed in the present study. A recent study by Bouyer et al. (18) showed that a colony-stimulating factor-1 (CSF-1)-induced rise in pH i in osteoclasts was insensitive to the 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), whereas it was abolished by removing extracellular sodium. This inhibition profile was similar to that of electroneutral sodium-bicarbonate cotransporter NBCn1 (19) . Compatible with this finding, reverse-transcriptase polymerase chain reaction (RT-PCR) revealed the transcripts of an electroneutral NBCn1 in both rat osteoclasts and osteoclast-like cells (18) . Immunoblotting also showed the expression of NBCn1 protein in osteoclast-like cells (18) , indicating that other type of HCO 3 Ϫ transporters (i.e., electroneutral NBCn1) is also present in osteoclasts in addition to the presence of Ae2, and hence, HCO 3 Ϫ transport would be important in the regulation of both pH i and bone resorption. Further studies are needed to define the subcellular localization of HCO 3 Ϫ transporters in osteoclasts comprehensively and the role of an altered HCO 3 Ϫ transport of osteoclasts in the pathological conditions of bone resorption.
In summary, we demonstrated that that Ae2 is expressed in contra-lacunar membranes of osteoclasts of mice and rats. Ae2 expression in osteoclasts seems essential for normal bone formation and resorption, because genetic disruption of Ae2 led to osteopetrosis. Although osteopetrosis is also seen in mice with genetic disruption of the ClC-7 exchanger, H ϩ -ATPase, and carbonic anhydrase II (4, 15, 20) , the substantial changes in the morphology of the osteoclasts seem specific for Ae2 deficiency. The identification of Ae2 as the contra-lacunar mediator of basolateral Cl Ϫ uptake and HCO 3 Ϫ extrusion suggests an updated model of the set of molecular mechanisms involved in lacunar acidification (Fig. 4) and the potential role of HCO 3 Ϫ transport in osteoclasts in the pathophysiology of altered bone resorption.
Materials and Methods
Animals. Development of the mouse model carrying a targeted disruption of the Ae2 (Slc4a2) gene has been described in detail (11) . Four homozygous null mutants (Ae2Ϫ/Ϫ) mice and four gender-matched wild-type (Ae2ϩ/ϩ) littermates, all aging 15 to 16 days, were perfusion fixed via the left ventricle with 4% paraformaldehyde in isotonic phosphate buffered salt solution (PBS, pH 7.4) and post-fixed. Male Wistar rats, weighing 100 g, were perfusion fixed with 4% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). The jaws were dissected and left overnight in the same fixative. The osteoclast is attached on bone with a tight circumferential sealing zone (Sz) that divides the cell surface into two separate domains, the resorptive surface (Rs), folded into a ruffled border within the sealing zone, and the contra-lacunar surface (Cs). Intracellular H ϩ and HCO3 Ϫ are formed from H2O and CO2 catalyzed by carbonic anhydrase II (CA II). H ϩ is transported across the ruffled border into the resorption lacuna by a vacuolar-type H ϩ -ATPase. Cl Ϫ ions follow H ϩ to the lacunae through the H ϩ /Cl Ϫ exchangers (ClC-7) and maintain electroneutrality. Excess HCO3 Ϫ would, in time, cause cytoplasmic alkalinization and is removed via a contralacunar Cl Ϫ /HCO3 Ϫ exchange by Ae2, which also provides the cells with Cl Ϫ for secretion into the lacunar space.
Immunolabeling and Laser Scanning Confocal Microscopy. A previously characterized rabbit polyclonal antibody recognizing the Ae2a and Ae2b isoforms was used (12) . Decalcified bone tissue (see below) from the skull base was embedded in paraffin, and 2-m sections immunolabeled as described in the same study by using Alexa488 conjugated goat anti-rabbit secondary antibody (Invitrogen) to visualize the primary antibody and To-Pro-3 (Invitrogen) for visualization of cell nuclei. Images were acquired on an inverted Leica DMRS confocal microscope by using an HCX PlApo 64ϫ (1.32 NA) objective (21) . For peroxidase staining, the secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako), and 0.05% 3,3Јdiamino-benzidine tetrahydrochloride was used for visualization. Mayer's hematoxylin was used for counterstaining, and microscopy was performed on a Leica DMRE bright-field microscope equipped with a Leica DM300 digital camera.
X-Ray Analysis. Mouse heads were divided midsagittally and radiographed by using an GX-1000 x-ray unit (Gendex) with circular collimation at 50 kVp, 10 mA, and a 45-cm focus-receptor distance. Digital x-ray images were obtained with a Dixi CCD-based sensor system (Planmeca) at an exposure time of 0.42 s and transferred to Adobe Photoshop (Adobe Systems) for adjustment of magnification.
Light Microscopy. Mouse heads, bone tissue dissected from the mouse skull base, and rat jaws were decalcified in 4.13% EDTA (pH 7.4) at 4°C for 6 and 20 days, respectively and subsequently washed in 0.1 M sodium cacodylate buffer (pH 7.4). Decalcified and undecalcified specimens were then processed for embedding in paraffin or methyl methacrylate (MMA) (Merck) using standard procedures. Two-micrometer-thick sagittally oriented serial sections were cut from MMA-and paraffin-embedded blocks and stained with Goldner's trichrome or prepared for immunohistochemistry, respectively. Sections were photographed with a Nikon D1 camera attached to an Olympus BH2 microscope.
Electron Microscopy. Decalcified bone tissue from the skull base was immersion fixed in 4% paraformaldehyde in 0.1 M sodium cacodylate buffer containing 1% glutaraldehyde (pH 7.2) for 1 d at 4°C. This was followed by postfixation in 1% osmium tetraoxid for 2 h at 4°C. After rinsing, the tissue was dehydrated in a series of alcohol, transferred to propylenoxide, and embedded in EPON. Semithin sections (0.5-1 m) were mounted on glass slides and stained with toluidine blue. Ultrathin sections were prepared by using a Reichert ultramicrotome, mounted on 200 mesh nickel grids, and stained with uranyl acetate and lead. Images were recorded in a FEI-Morgagni microscope operating at 80 kV by using a CCD camera (MegaViewIII, SIS).
